The prognosis for women with breast cancer is adversely affected by the comorbidities of obesity and diabetes mellitus (DM), which are conditions associated with elevated levels of circulating fatty acids, hyperglycaemia and hyperinsulinaemia. We investigated the effects of exposure of nonmalignant and malignant human breast epithelial cells to elevated levels of fatty acids and glucose on their growth, survival and response to chemotherapeutic agents. We found that palmitate induced cell death in the non-malignant cells but not in the malignant cells, which was abrogated through the inhibition of ceramide production and by oleate but not by IGF1. Fatty acid synthase (FAS) is responsible for the de novo synthesis of fatty acids from sugars, and is over-expressed in many epithelial cancers. Abundance of FAS was higher in malignant cells than in non-malignant cells, and was up-regulated by IGF1 in both cell types. IGF-induced growth of non-malignant cells was unaffected by suppression of FAS expression, whereas that of malignant cells was blocked as was their resistance to palmitate-induced cell death. Palmitate did not affect cell proliferation, whereas oleate promoted the growth of non-malignant cells but had the opposite effect, that is, inhibition of IGF1-induced growth of malignant cells. However, when the phosphatidylinositol 3-kinase pathway was inhibited, oleate enhanced IGF1-induced growth in both cell types. Hyperglycaemia conferred resistance on malignant cells, but not on non-malignant cells, to chemotherapy-induced cell death. This resistance was overcome by inhibiting FAS or ceramide production. Understanding the mechanisms involved in the associations between obesity, DM and breast cancer may lead to more effective treatment regimens and new therapeutic targets.
Introduction
Over the last few decades, there has been a rapid increase in the prevalence of obesity, and as a consequence, also of diabetes, which together now affect a significant proportion of the population. Breast cancer is the most common malignant neoplasm in women with a lifetime risk of 1 in 8 (Key et al. 2001) , and increasingly, these women will also be affected by these metabolic disturbances; up to 16% of older breast cancer patients now suffer from diabetes (Coebergh et al. 1999 , Yancik et al. 2001 .
Obesity is associated with an increased risk of postmenopausal breast cancer, but with a reduced incidence of premenopausal disease , although a recent study demonstrated that obesity was associated with a 48% increase in mortality over a 8-10-year follow-up in premenopausal patients (Abrahamson et al. 2006) . A number of cohort (Weiderpass et al. 1997 , Wideroff et al. 1997 , Michels et al. 2003 , Coughlin et al. 2004 , Silvera et al. 2005 and case-control studies (Talamini et al. 1997 , Baron et al. 2001 have reported that patients with diabetes have an increased risk of breast cancer. A positive association between breast cancer mortality and diabetes was found in three of five studies, with the relative risk from the pooled data from the five studies being 1.24 (Larsson et al. 2007) . Elevated blood glucose was associated with an increased risk of breast cancer in a population-based cohort of more than 140 000 adults in Austria (Rapp et al. 2006) . Cancer mortality is geographically correlated with the level of dietary sugar intake; countries with the greatest per capita sugar intake exhibit the highest rates of breast cancer mortality independent of other variables (Carroll 1977 , Hems 1978 . A number of epidemiological studies have shown a direct association between breast cancer risk and the consumption of sweet foods with high glycaemic index (Lubin et al. 1981 , Landa et al. 1994 , Potischman et al. 2002 , Tavani et al. 2006 . Studies have also provided evidence that high carbohydrate intake is associated with poorer survival after diagnosis for early breast cancer (Krone & Ely 2005) . Animal models of diabetes have also shown an increase in susceptibility to chemically induced mammary tumours (Shafie & Grantham 1981) . Together these studies indicate that obesity and diabetes are associated with poor prognosis in women with breast cancer.
Obesity results from a long-term energy imbalance, leading to an accumulation of lipid stores and an elevation of the circulating levels of fatty acids, predominantly oleate (unsaturated) and palmitate (saturated), the development of insulin resistance and hyperinsulinaemia, and eventually to hyperglycaemia and overt diabetes. Although considerable attention has been paid to the consequences of obesity and diabetes in relation to the actions of insulin (Manco et al. 2004) , there has, however, been virtually no similar investigations on the effects on insulin-like growth factor 1 (IGF1), despite the considerable overlap between these hormones in terms of their receptors and intracellular signalling pathways (Foti et al. 2004 ). IGF1 has a very important role in the development and progression of many epithelial cancers, including that affecting the breast. The IGF1R plays a fundamental role in maintaining the transformed phenotype for many cancer cells (Baserga et al. 2003) . In humans, recent prospective epidemiology has consistently shown strong associations between circulating IGF1 levels and the subsequent risk of developing prostate, colorectal and premenopausal breast cancers (Pollak et al. 2004) . Individuals with circulating IGF1 levels within the upper end of the normal range are at a significantly increased risk of developing these cancers many years later.
Malignant cells utilise glucose as their main energy source (Garber 2004) , and the associations of obesity, diabetes and breast cancer may be reflecting that increased energy supply promotes mammary carcinogenesis. However, glucose also acts as a substrate for fatty acid synthase (FAS). FAS is a key enzyme responsible for the de novo synthesis of fatty acids (Kuhajda et al. 1994) , which is significantly up-regulated or activated in many cancer types including breast cancer, and has been associated with aggressive breast cancers (Kuhajda 2000) . Knocking down FAS with siRNA enhances taxol-induced death of breast cancer cells (Menendez et al. 2005b) , and inhibition of FAS also suppresses HER2/neu oncogene-induced malignant transformation (Menendez et al. 2004b) .
In an attempt to identify the molecular mechanisms that may underlie the associations between obesity, diabetes and the increased risk and prognosis of breast cancer, we investigated the effects of the exposure to elevated levels of fatty acids and glucose on cell death and IGF-induced growth of non-malignant and malignant breast epithelial cells and their sensitivity to chemotherapeutic agents. In both these scenarios, we assessed the involvement of FAS.
Materials and methods

Materials
Recombinant, human IGF1 peptide was purchased from Gropep (Adelaide, South Australia, Australia). G-protein-coupled receptor (GPCR) inhibitor pertussis toxin (PT), phosphatidylinositol 3-kinase (PI3K) inhibitor LY294001 and MEK1 inhibitor UO126 were bought from Merck. FAS (S100059752) and control non-silencing siRNA were obtained from Qiagen. Anti-FAS antibody was purchased from BD Biosciences (Cambridge, UK), anti-tubulin from Autogen Bioclear (Wiltshire, UK) and anti-GAPDH from Chemicon (Hampshire, UK). All other chemicals including an inhibitor of ceramide synthase (fumonisin B1), a chemical FAS inhibitor (C75), 5-fluorouracil, doxorubicin, D-and L-glucose, paclitaxel, palmitate and oleate were bought from Sigma-Aldrich. Tissue culture plastics were obtained from Greiner Labortechnik Ltd, Tyne and Wear, UK. The BCA protein assay reagent kit was purchased from Pierce (Rockford, IL, USA).
Cell culture
Human breast cancer cells, MCF-7 and T47D, and the non-malignant HMT-3522 S1 cells were purchased from ECACC (Porton Down, Wiltshire, UK), and grown in a humidified 5% carbon dioxide atmosphere at 37 8C. MCF-7 and T47D cells were cultured in DMEM (BioWhittaker, Verviers, Belgium) supplemented with 10% foetal bovine serum (FBS, Gibco), L Zeng, K M Biernacka et al.: Hyperglycaemia confers resistance to chemotherapy www.endocrinology-journals.org penicillin (50 IU/ml; Britannia Pharmaceuticals, Redhill, UK), streptomycin (50 mg/ml; Celltech Pharmaceuticals, Slough, UK) and L-glutamine (2 mM; Sigma) -growth media (GM). The nonmalignant MCF-10A cell line was purchased from the American type culture collection (ATCC, Manassas, VA, USA). This is a spontaneously immortalised breast epithelial cell line that maintains a relatively normal phenotype as determined by 1) lack of tumourigenicity in nude mice, 2) exhibiting 3D growth in collagen, 3) control of growth by hormones and growth factors, 4) lack of anchorage-independent growth, and 5) formation of domes in confluent cultures (Soule et al. 1990) . Unless otherwise stated, the MCF-10A and HMT-3522 S1 cells were maintained in 1:1 mixture of Ham's F12 medium and DMEM with 2.5 mM L-glutamine (DMEM:F12, Gibco). For MCF-10A cells, the medium was supplemented with 5% horse serum (v/v HS, Gibco), penicillin and streptomycin (as described above), 20 ng/ml epidermal growth factor (EGF; Calbiochem, Nottingham, UK), 100 ng/ml cholera toxin (Sigma), 10 mg/ml insulin (Novo Nordisk, West Sussex, UK) and 0.5 mg/ml hydrocortisone (Sigma). HMT-3522 S1 cells were supplemented with 10% FBS, penicillin (50 IU/ml), streptomycin (50 mg/ml), insulin (250 ng/ml), transferrin (10 mg/ml), sodium selenite (2.6 ng/ml, Sigma), oestradiol (10 K10 M, Sigma), hydrocortisone (1.4!10 K6 M), prolactin (5 mg/ml, Sigma) and EGF (10 ng/ml). Unless otherwise stated, experiments were performed in phenol red-and serum-free DMEM and Ham's Nutrient Mix F12 supplemented with penicillin and streptomycin (as described above), sodium bicarbonate (0.12% w/v; Sigma), bovine serum albumin (BSA) (0.2 mg/ml; Sigma) and transferrin (0.01 mg/ml; Sigma) -serum-free media (SFM).
Palmitate and oleate experiments
Palmitate and oleate were dissolved in ethanol prior to mixing with 20% fatty acid-free BSA as described previously (Sabin et al. 2007b) . The final concentration of BSA in serum-free media was adjusted to 0.1% w/v.
MCF-10A, HMT-3522 S1 and MCF-7 cells were seeded in their respective GM in six-well plates (for assessing cell viability) or 24-well plates (for assessing cell proliferation). After 24 h, the GM were replaced with SFM for a further 24 h. For experiments examining the effects of palmitate on cell death, cells were then either dosed with palmitate alone (0-400 mM), or pre-dosed with fumonisin B1 (0.1 mM) for 30 min or co-dosed with IGF1 (25 ng/ml) or oleate (400 mM), and left for 48 h. Cell death was assessed using trypan blue cell counting. Any floating cells were collected and mixed with adherent cells following trypsinisation, and the resulting cell suspension was loaded onto a haemocytometer (1:1) with trypan blue dye, which is excluded by viable cells. Both viable and any dead cells were counted, from which, total cell number and the percentage of dead cells relative to control were calculated. For experiments examining the effects of oleate on proliferation, cells were dosed with either oleate alone (100 or 200 mM respectively), IGF1 alone (25 ng/ml) or the combination of the two in the presence or absence of PT (100 ng/ml) or LY294002 (5 mM), or they were subjected to a 30-min preincubation with U0126 (1.5 or 1 mM respectively), and left for 48 h. Cell proliferation was assessed using tritiated thymidine incorporation as described previously (Burrows et al. 2006) .
Response to palmitate with FAS knocked down in MCF-7 cells MCF-7 cells were seeded in 24-well plates (0.025
!10
6 cells/well) in GM in the presence or absence of FAS (or non-silencing) siRNA (12 nM) before being switched to SFM for a further 24 h prior to dosing with palmitate (400 mM) for 48 h. Cell death was assessed as described previously, and FAS abundance was monitored using western immunoblotting as described below.
Effects of blocking FAS on IGF-induced proliferation
FAS siRNA and C75 experiments MCF-10A and MCF-7 cells were seeded in their respective GM in 24-well plates (0.05 and 0.025
!10
6 cells/well respectively) in the presence or absence of FAS (or non-silencing) siRNA (12 nM) before being switched to SFM for a further 24 h prior to dosing with IGF1 (25 ng/ml) for 48 h, or after seeding in the GM for 24 h, the cells were placed into SFM for a further 24 h prior to dosing with IGF1 (25 ng/ml) with or without C75 for 48 h. Cell proliferation was assessed using tritiated thymidine incorporation, and FAS abundance was monitored using western immunoblotting of whole cell lysates as described below.
Western immunoblotting for FAS
Cells were seeded in their respective GM in six-well plates (0.2 and 0.1!10 6 cells/well respectively). After 24 h, the GM were removed and replaced with SFM. After a further 24 h in SFM, cells were dosed with or without IGF1 (0-50 ng/ml) for 48 h. Cell lysis and Endocrine-Related Cancer (2010) 17 539-551 www.endocrinology-journals.org western immunoblotting preparation were done as published previously (Burrows et al. 2006) . Nonspecific binding sites on the nitrocellulose membranes were blocked overnight with 1%w/v milk in trisbuffered saline Tween-20 (TBST) for tubulin (1:1000), and with 5%w/v TBST for FAS (1:1000) and GAPDH (1:10 000). Following the removal of excess unbound antibody, an anti-mouse antibody (1:5000 for FAS and tubulin, and 1:10 000 for GAPDH) conjugated to peroxidase was added for 1 h. Chemiluminescence was detected using the ChemiDoc-IT Imaging System (UVP, Bio-Rad), and analysed using Vision Works ls Analysis Software (UVP Inc., Upland, CA, USA).
Hyperglycaemia experiments
Media
All cells were cultured in either high (25 mM) or normal (5 mM) glucose-containing DMEM (Lonza, Berkshire, UK) supplemented with 10% FBS (Gibco), penicillin (50 IU/ml; Britannia Pharmaceuticals), streptomycin (50 mg/ml; Celltech Pharmaceuticals) and L-glutamine (2 mM; Sigma) -GM. All cell line experiments were performed in the identical GM without serum -SFM. Initial experiments were also performed with media containing normal glucose (5 mM) and supplemented with 20 mM L-glucose in order to exclude confounding effects not mediated by enhanced glucose metabolism, such as osmotic effects.
Dosing protocol
Cells were seeded in six-well plates in normal glucosecontaining GM for 24 h. They were then switched to either normal or high glucose-containing SFM for a further 24 h prior to dosing in the respective SFM with 5-fluorouracil (0-40 mM), doxorubicin (0-1 mM) or paclitaxel (0-125 mM) for 24 h. MCF-7 and T47D cells were also seeded in six-well plates at 0.1!10 6 as described above, and following 24 h in either normal or high glucose-containing SFM, they were dosed with paclitaxel (50 mM) or 5-fluorouracil (20 mM) respectively in the presence or absence of C75 (7.5 mM) or were subjected to a 30-min pre-incubation with fumonisin B1 (0.1 mM). Cell death was assessed as described previously.
Statistical analysis
The data were analysed using SPSS 12.0.1 for windows software using ANOVA followed by least significant difference post-hoc test. A statistically significant difference was considered to be present at P!0.05.
Results
Palmitate, but not oleate, differentially affects cell death of non-malignant MCF-10A and malignant MCF-7 breast epithelial cells Palmitate induced a significant increase in cell death of both non-malignant cell lines, MCF-10A (P!0.001, Fig. 1A ) and HMT-3522 S1 (P!0.001, Fig. 1B ), whereas oleate had no effect on cell death. In contrast, the MCF-7 cells were resistant to the effects of both palmitate and oleate on apoptosis (Fig. 1C) . One route of palmitate metabolism within the cell is as a substrate for the generation of ceramide, an important intracellular signalling intermediary. An inhibitor of ceramide production, fumonisin B1 (ceramide synthase inhibitor), abrogated the induction of MCF-10A cell death by palmitate ( Fig. 1D) , indicating that the cell death was at least partly due to ceramide generated from the palmitate. Palmitate-induced cell death was also inhibited in the presence of oleate (Fig. 1E ), but interestingly not by IGF1 (Fig. 1F) .
FAS over-expression mediates the resistance to palmitate-induced cell death in malignant MCF-7 breast epithelial cells Palmitate is produced de novo within the cells from sugars by the action of FAS. We confirmed that the malignant cells markedly over-expressed FAS relative to the non-malignant cells ( Fig. 2A) as reported previously (Kuhajda 2000) . In the MCF-7 cells, exposure to palmitate was able to induce a significant increase in cell death (P!0.001; Fig. 2B ) when FAS was knocked down using FAS siRNA, inferring that the resistance to palmitate may be acquired tolerance due to the high endogenous production of palmitate within the cell.
IGF1 regulates abundance of FAS
The abundance of FAS protein was dose dependently increased by IGF1 in both non-malignant MCF-10A and malignant MCF-7 cell lines (Fig. 3A) . In order to determine the relevance of this novel regulation of FAS by IGF1, we knocked down FAS using siRNA, and also blocked its activity with a chemical FAS inhibitor, C75, and assessed how this affected the response to IGF1. The ability of IGF1 to increase the growth of non-malignant cells (P!0.001) was unaffected when FAS was knocked down with siRNA ( Fig. 3B(i) ). The ability of IGF1 to increase the growth of this cell line (P!0.001) was also unaffected in the presence of the chemical FAS inhibitor (C75; Fig. 3C ). In the breast cancer cells, however, when FAS was knocked L Zeng, K M Biernacka et al.: Hyperglycaemia confers resistance to chemotherapy www.endocrinology-journals.org down or inhibited, using siRNA ( Fig. 3D(i) ) or C75 (Fig. 3E) , the ability of IGF1 to increase cell growth was completely blocked.
Oleate, but not palmitate, modulates IGF-induced growth
In order to assess the effects of fatty acids on the response to IGF1, we initially analysed the doseresponses to oleate and palmitate (0-400 mM) in both malignant, MCF-7, and non-malignant, MCF-10A, breast epithelial cells, from which, we selected doses most effective in altering IGF-induced growth (data not shown). Whereas palmitate had no effect on IGF-induced growth in either cell line, oleate exerted effects on IGF-induced proliferation, which differed between non-malignant and malignant breast epithelial cells. In MCF-10A cells, both oleate and IGF1 alone were each able to significantly increase cell proliferation (P!0.001 for each), and together produced an additive increase in DNA synthesis (P!0.001; Fig. 4A-C) . In contrast, in MCF-7 breast cancer cells, oleate alone had no effect on cell growth, but it significantly reduced (PZ0.001) the proliferative response to IGF1 (Fig. 4D-F) .
It has been reported that GPCR may mediate the effects of oleate on breast cancer cells (Hardy et al. 2005) ; we, however, found that a GPCR inhibitor, PT, had no effect on the ability of oleate, at the physiological doses used, to modulate IGF responses in either MCF-10A or MCF-7 cells ( Fig. 4A and D) . In contrast, PT did inhibit the ability of a well-characterised agonist of GPCR, sphingosine-1-phosphate (S-1P), to induce cell proliferation in both non-malignant and malignant cells (data not shown).
IGF1 is known to initiate a number of different signalling cascades including the PI3K and mitogenactivated protein kinase (MAPK) pathways. Using specific inhibitors, we tried to delineate if these pathways were involved in the effects of oleate on IGF responses. The growth of MCF-10A and MCF-7 cells was severely reduced when PI3K was inhibited, and although the proliferative effect of oleate on MCF-10A cells was blocked, IGF1 was able to induce the proliferation of both MCF-10A (Fig. 4B) and MCF-7 cells (Fig. 4E ) independent of PI3K in the presence of oleate. Therefore, the differential effect of oleate on the response of these two cell lines was lost when PI3K was inhibited. In the presence of the MEK1 inhibitor, UO126, although basal cell growth was reduced, IGF1 was still able to induce cell proliferation, and oleate was still able to enhance the response of MCF-10A cells (Fig. 4C) and inhibit the response of MCF-7 cells (Fig. 4F) . The induction of cell death by chemotherapeutic agents is important for the clinical management of breast cancer. As we had shown that breast cancer cells express high levels of FAS, which via the production of endogenous palmitate rendered the cells resistant to death induced by exogenous palmitate; we then examined whether increasing the levels of substrate for this pathway (glucose) affected sensitivity to clinically important inducers of cell death. When the malignant MCF-7 or T47D cells were exposed to hyperglycaemic conditions (25 mM), they became relatively resistant to apoptosis induced by either 5-fluorouracil, doxorubicin or paclitaxel compared with cells grown in euglycaemic conditions (5 mM; Fig. 5C and D) . In contrast, levels of glucose had no effect on the sensitivity of non-malignant MCF-10A or HMT-3522 S1 breast epithelial cells to either 5-fluorouracil, doxorubicin or paclitaxel ( Fig. 5A  and B) . Since glucose is a substrate for FAS, which as we confirmed is up-regulated in malignant cells than in non-malignant breast epithelial cells ( Fig. 2A) and as FAS appeared to confer survival against death induced by palmitate (Fig. 2B) , we investigated if FAS also mediated hyperglycaemia-induced resistance to the chemotherapeutic drugs in the malignant MCF-7 and T47D cells. The resistance of MCF-7 cells to paclitaxel conferred by hyperglycaemic conditions (P!0.001) was completely abrogated when FAS was inhibited by C75 (Fig. 6A) . Similarly, in the T47D cells, the resistance to 5-fluorouracil conferred by hyperglycaemic conditions (P!0.001) was also blocked in the presence of C75 (Fig. 6C) . These data show that FAS mediated the resistance to chemotherapeutics in a high glucose environment. Since the main product of FAS is palmitate, which is a precursor for de novo ceramide synthesis and the death induced by palmitate was abrogated when ceramide synthesis was inhibited (Fig. 1D) , we examined hyperglycaemiainduced resistance to chemotherapy with ceramide production inhibited by fumonisin B1. In the presence of the ceramide synthase inhibitor, the hyperglycaemia-induced resistance to paclitaxelinduced death of the MCF-7 cells (P!0.001; Fig. 6B ) and that to 5-fluorouracil-induced death of the T47D cells (P!0.05; Fig. 6D ) were also completely blocked.
Discussion
Women who develop breast cancer are increasingly also affected by metabolic disorders, and recent clinical studies indicate that these women do worse than women who are in good metabolic control. In addition, glucose acts as a substrate for FAS, the expression of which positively correlates with aggressive tumours and poorer prognoses in various cancers (Kuhajda 2000) . FAS is a key enzyme responsible for the de novo synthesis of the fatty acid, palmitate (Kuhajda et al. 1994) , which itself is a precursor for ceramide synthesis. Ceramide plays an important role in intracellular signalling, and is known to mediate the apoptotic effects of a number of different chemotherapeutic agents (Claus et al. 2009 ).
Palmitate induces cell death in malignant cells but not in non-malignant cells
The saturated fat palmitate has been shown previously to induce apoptosis in many cell types via its metabolism resulting in the production of ceramide (Shimabukuro et al. 1998 , Sabin et al. 2007b . We observed that exogenously added palmitate exerted differential effects on cell death in the non-malignant and malignant cells. Palmitate caused a marked induction of death of the non-malignant cells, whereas the malignant cells were resistant to these effects. Using an inhibitor of ceramide production, we found that the cell death induced by palmitate in the non-malignant cells was mediated via its conversion to ceramide. In contrast, Hardy et al. (2003) observed that oestrogen receptor-negative MDA-MB-231 cells were not resistant to exogenously added palmitate, and underwent apoptosis. Endocrine-Related Cancer (2010) 17 539-551
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We found that palmitate-induced cell death in the non-malignant cells was protected by oleate. In other cell types, we and others have shown that unsaturated fatty acids such as oleate achieve this by channelling palmitate into triglyceride pools and away from pathways leading to apoptosis (Listenberger et al. 2003 , Sabin et al. 2007a . Interestingly, one of the most potent survival factors IGF1 was unable to protect against palmitate-induced cell death of the nonmalignant cells. We showed previously that the presence of sub-apoptotic doses of exogenous ceramide negated the effects of IGF1 on malignant cells (Perks et al. 1999) , and suggest that the endogenous ceramide production induced by palmitate may be negating the ability of IGF1 to act as a survival factor.
FAS is over-expressed in malignant cells
We compared FAS abundance in our cell lines, and confirmed that the malignant cells markedly overexpress FAS relative to the non-malignant cells, as has been described previously (Milgraum et al. 1997) . In normal tissue, FAS levels are generally low as the requirement of quiescent cells for fatty acids is generally provided via dietary fatty acids. Overexpression of FAS in cancer cells suggests that tumours require higher levels of fatty acids than can be acquired from the circulation, but also indicates higher levels of endogenous palmitate production.
FAS over-expression mediates the resistance to palmitate-induced cell death in malignant cells
The resistance of malignant cells to exogenous palmitate-induced death was abolished by blocking or knocking down FAS, suggesting that FAS overexpression had culminated in enhanced endogenous palmitate and a consequent tolerance to exogenously added palmitate. These data imply that palmitate could indirectly favour tumour growth via its ability to specifically induce apoptosis of the non-malignant cells, and thus provide malignant cells with a survival !10 6 and 0.025!10 6 cells/well respectively in 24-well plates in GM before being switched to SFM for a further 24 h. Both cell lines were dosed with IGF1 (25 ng/ml) Goleate (100 or 200 mM respectively) GPT (100 ng/ml; A and D respectively) GLY294002 (5 and 7.5 mM respectively; B and E) GUO126 (1.5 and 1 mM respectively; C and F) for 48 h. Graphs represent changes in tritiated thymidine incorporation, and show the meanGS.E.M. of three experiments, each repeated in triplicate. advantage. It may also have important implications for the response of cancer cells to many chemotherapeutic agents that have cytotoxic effects mediated via induction of ceramide production (Repicky et al. 2008) .
IGF1 regulates FAS abundance
Despite the extensive literature showing that overexpression of FAS in tumours relates to poorer prognoses (Kuhajda 2000) , there is a paucity of data relating to factors that may regulate FAS hyperactivity and over-abundance in tumours. We found that IGF1 increased the abundance of FAS in both non-malignant and malignant cells, but blocking FAS only blocked IGF-induced proliferation in the malignant cells. This suggests that malignant cells have acquired a dependence on FAS for IGF-induced growth. Since there is a clear role for IGF1 in breast cancer and this in part relates to its ability to act as a mitogen, our data suggest that FAS plays an important role in these effects of IGF1 enabling cancer cells to maintain high levels of cell proliferation and survival.
Oleate differentially affects the growth of malignant cells compared with non-malignant cells
Although palmitate differentially affected the cell death of the non-malignant and malignant cells, we observed that it had no effect on IGF-induced growth. In contrast, the unsaturated fat oleate (the other predominant circulating fatty acid increased in association with obesity) had no effect on cell death, but it did have differential effects on IGF-induced growth of non-malignant and malignant cells. In the nonmalignant cells, oleate promoted growth on its own, and exerted an additive increase in growth when together with IGF1. In contrast, oleate had no effect on the growth of malignant cells alone, but it inhibited IGF-induced proliferation. These findings are consistent with a number of other studies. In vitro studies reported that exposure of breast cancer cells to oleic acid resulted in the down-regulation of Her-2/neu, an oncogene overexpressed in w20% of breast carcinomas (Menendez et al. 2005a) . In a rat model of dimethylbenz(a)anthracene-induced mammary carcinogenesis, a diet rich in olive oil resulted in a much slower progression of the Endocrine-Related Cancer (2010) 17 539-551 www.endocrinology-journals.org tumours (Solanas et al. 2002 , Costa et al. 2004 . Epidemiological data have also suggested an effect in women. High mammographic breast density (H-MBD) is associated with greater breast cancer risk, and in the European Prospective Investigation into Cancer and Nutrition study, women who reported olive oil intake R30.5 g/day were 30% less likely to be classified into the H-MBD group (Masala et al. 2006) .
We next investigated how oleate was able to differentially modulate IGF-induced proliferation in the non-malignant and malignant cell lines. One report implicated a role for GPCRs in mediating oleate responses in breast cancer cells (Hardy et al. 2005) . We found that a GPCR inhibitor, PT, inhibited the ability of a well-characterised agonist of GPCR, S-1P, to induce cell proliferation in both non-malignant and malignant cells. However, PT had no effect on the ability of oleate, at the physiological doses used, to modulate IGF responses in either non-malignant or malignant cells, suggesting that the effects of oleate on IGF-responses were not mediated via GPCR. Although our results may appear to differ from those of Hardy et al. (2005) , they also found that MCF-7 breast cancer cells responded poorly to oleate, and it was only when over-expressing GPR40 that they observed a robust proliferative response to oleate (Hardy et al. 2005) . A recent paper reported differential effects of oleate on cell proliferation; oleate at 400 mM concentration promoted the growth of malignant cells, but not that of non-malignant cells (Soto-Guzman et al. 2008) . In contrast, we found that the MCF-7 malignant cells were poorly responsive to oleate as reported previously (Hardy et al. 2005) , whereas we observed a significant proliferative effect in the non-malignant cells at 100 mM oleate concentration.
IGF1 is known to initiate a number of different signalling cascades including the PI3K and MAPK pathways, which contribute to tumour cell proliferation. In addition, EGFR-induced activation of both MAPK and PI3K signalling cascades has been associated with the over-expression of FAS in prostate cancer cells (Swinnen et al. 2003) . We found that in the malignant MCF-7 cells, oleate inhibited IGF-induced growth that was predominantly mediated by PI3K, but when this pathway was blocked, the effect of oleate was switched to enhancing the growth response to IGF1, as in the non-malignant cells, independently of PI3K. Such a modulation of IGF signalling by oleate could have important implications for cancer therapies that are in development targeting IGF and PI3K signalling in obese patients, and warrants further investigation. There have been several reports of crosstalk between IGF1R and ErB/Her receptors, including reports of direct interactions between IGF1R and HER2 in breast cancer cells (Jin & Esteva 2008) , and it has been reported that the suppression of FAS leads to the repression of HER2/neu oncogene expression (Menendez et al. 2004a) . Crosstalk between IGF1R and FAS-mediated HER2 activity could be invoked to explain our data showing that MCF-7 cells fail to proliferate in response to IGF1 when FAS is suppressed; however, it has been reported that MCF-7 cells express high levels of IGF1R but not high levels of HER2 (Chakraborty et al. 2008) , and whether the effect of FAS suppression on IGF response involves HER2 requires further investigation. It is well established that in obesity the associated increase in fatty acids, particularly saturated fats, affects insulin sensitivity in metabolic tissues. Our data indicate that these fatty acids also affect IGF1 actions on epithelial cells, and that while the unsaturated fat oleate favoured the growth of non-malignant cells, the saturated fat palmitate could differentially provide a survival advantage for malignant epithelial cells.
Hyperglycaemia reduces the efficacy of chemotherapeutic drugs in malignant breast epithelial cells but not in non-malignant breast epithelial cells: involvement of FAS and ceramide Several studies have indicated that diabetes is associated with poor prognosis and an increase in cancer mortality, and that it can affect cancer therapy (Richardson & Pollack 2005 , Wolf et al. 2005 . The interactions between diabetes and breast cancer are complex, and there is little evidence to indicate why breast cancer therapies should be less effective in patients with concurrent diabetes. We assessed if hyperglycaemic conditions associated with diabetes could affect the sensitivity of malignant breast cancer cells to undergo cell death induced by current drugs including 5-fluorouracil, doxorubicin and paclitaxel. We observed that the level of glucose (normal or high) made no difference to the response of the nonmalignant cells to any of the drugs. In contrast, when the malignant cells were grown in hyperglycaemic conditions, they became resistant to drug-induced cell death compared with when grown in euglycaemic conditions. The sensitivity to chemotherapeutic drugs in hyperglycaemic conditions could however be restored by either inhibiting FAS or the downstream production of ceramide. This suggests that with elevated expression of FAS, the exposure of malignant cells to hyperglycaemia results in increased generation of endogenous palmitate and ceramide, with the cells then acquiring tolerance to cellular stresses whose effects are mediated via intracellular ceramide generation. These data have important therapeutic implications as they indicate that optimising glycaemic control in patients with breast cancer and concurrent diabetes undergoing chemotherapy may improve treatment response rates.
Summary
Collectively, our data show that FAS mediates IGF-induced growth, the resistance to palmitateinduced cell death and the resistance induced by hyperglycaemia against chemotherapy-induced cell death of malignant breast epithelial cells. Based on the implications of our data, we feel that it would be important to confirm our findings using in vivo models, since understanding the mechanisms involved in the association between obesity, diabetes and metabolic disturbances and breast cancer may lead to more effective use of existing therapies, new therapeutic targets and more tailored treatment of breast cancer patients.
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